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 Development of novel materials for ammonia capture in air filtration devices is of 
particular importance due to the high availability and toxicity of the gas, but materials 
currently employed for air purification offer insufficient protection. Characteristics of  
porosity, stability, and tunability in metal organic frameworks, however, makes this class 
of nanoporous, crystalline material suitable for enhancing ammonia uptake performance 
of air purification equipment. Post synthetic modification of UiO-66 type MOFs with 
copper resulted in the creation of UiO-66-(COOCu)2, whose copper carboxylate 
functional groups are highly favorable for ammonia chemisorption. Experiments showed 
UiO-66-(COOCu)2 to possess a high uptake capacity for ammonia, while showing 
negligible loss in surface area and crystallinity following humid and dry ammonia 
exposure, and water vapor adsorption experiments. However, the –COOCu moieties were 
thought to cause significant pore blocking, likely hindering access of ammonia guest 
molecules into the pore space. Recent studies have shown carboxylic acid functionalities 
can be incorporated into UiO-66 through missing linker sites, resulting in higher surface 
area and pore accessibility, while incorporating carboxylic acid functionalities that can be 
used for copper coordination to enhance ammonia uptake. 
This study focuses on the functionalization of defective UiO-66 with copper 
carboxylate groups, where copper loading and ammonia uptake performance was studied 
for comparison to other materials used for ammonia adsorption. Furthermore, the kinetic 
effects of copper loadings on linker and defect site functionalized carboxylic acid groups 






 Researchers have been continuously developing and improving upon air filtration 
technology and gas masks to defend against toxic industrial chemical (TIC) and chemical 
warfare agent (CWA) release.
1
 The frequent use of sulfur mustard and chlorine gas over a 
century ago during WWI created a demand for personal breathing protection devices to 
combat chemical warfare tactics.
2
 Current chemical, biological, radiological, and nuclear 
(CBRN) breathing apparatuses and other air purification devices often contain activated 
carbon, such as ASZM-TEDA and Calgon BPL, doped with metal salts.
3
 Examples of 
CBRN devices from the U.S. military are provided in Figure 1. Such filters offer 
protection against many toxic gases, but remain unsuitable for the full range of hazardous 
chemical agents, particularly low molecular weight, high vapor pressure contaminants.
3,4
  
In particular, CBRN’s are not effective against ammonia, which not only possesses high 
toxicity and volatility, with an OSHA PEL of 50 ppm and vapor pressure of 7600 mm Hg 
at ambient temperatures, but is also one of the most abundantly produced commodity 
chemicals worldwide.
5
 Several fatalities following the 2013 ammonium nitrate plant 
explosion at the West Fertilizer Company in Texas recently revealed the risk of 
accidental ammonia release, as the plant was located next to a school and other 
residential areas.
6
 Furthermore, precedent for the use of ammonia as a CWA has already 
been set, as it was used in combination with chlorine in the 2014 chemical attack on Kafr 
Zita, Syria
7
, and an ammonia production facility was previously targeted several times by 






Figure 1. United States military CBRN devices (from left to right: M40, M50, and a 
concept design). Image taken from Jacoby, M.
1 
 Work in the growing field of metal organic frameworks (MOFs) has revealed 
these novel materials to be possible filtration candidates in the task of ammonia and other 
TIC/CWA capture applications. MOFs are a class of nanoporous, crystalline materials, 
comprised of metal oxide clusters coordinated to one another by organic ligands.
8,9
 MOFs 
offer advantages over traditional adsorbents, such as zeolites and carbon based materials, 
as they have been observed not only to possess high porosities and surface areas, but can 
also be engineered to contain functional groups offering chemical specificity towards 
specific adsorbates.
10,11
 For instance, a recent review by Jiang et al. showed Brønsted 
acidity has been engineered in many MOFs, through both their metal centers and linker 
functional groups, to enhance alkaline gas selectivity, proton conductivity for energy 
production, and catalytic activity for numerous reactions.
12 Linker functionalities 





 These strategies help to enhance ammonia 
loadings at lower relative pressures
15
, making MOFs more relevant for air filtration 
applications. Several strategies have already been employed to enhance ammonia 
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selectivity in MOFs, such as acid doping through post synthetic modification
16
, and 
exploiting coordination sites on MOF metal centers, as with the copper based MOF 
HKUST-1, which has been observed to exhibit strong chemisorption with ammonia on 
the Cu metal center active sites.
17,18
  MOF composites, usually with graphene oxide, have 
also been investigated for ammonia removal applications, and have been observed to 
change uptake behavior in both dry and humid conditions. 
17,19
 
 Chemical stability unfortunately limits the practical applicability of MOFs in 
humid streams, such as the high performing HKUST-1, and ZnBTTB, due to the 
degradation of metal-linker bonds in the presence of H2O.
17-20
 However, the zirconium 
based MOF UiO-66 displays negligible loss in BET surface area or crystallinity post 
water exposure, and also boasts high chemical and thermal stability up to 500°C.
21,22
 A 
myriad of linker substitutions have also been functionalized on UiO-66, where –COOH,   
–NH2, –OH, and other functionalities greatly enhance capacities for ammonia through 
acid-base interactions and hydrogen bonding.
23
 Further post-synthetic modification 
strategies have used such functionalities to incorporate other groups, as Hou et al. 
coordinated copper (II) sites to a UiO-66-NH2 precursor using salicylic acid binding 
groups.
24
 Getman et al. used quantum mechanical calculations to screen several strongly 
binding metal catechols for improved hydrogen adsorption in several IRMOFs, UiO-68, 
and UMCM-150.
25
 Metal carboxylates offer promising chemical bonding capabilities, 
where alkali metals were reported to enhance CO2 capture and selectivity in UiO-66-
(COOH)2 by binding the metals to open carboxylic acid sites located on the organic 
linkers.
26
 Copper carboxylate (-COOCu) linker functionalities are of particular interest, as 





) with ammonia, and the most preferential binding energy favorability 
with ammonia over water out of the 21 functional groups investigated.
27
 Subsequent 
integration of these functionalities into the MOFs UiO-66-COOH and UiO-66-(COOH)2 
by Garcia-Gutierrez led to the creation of two new UiO-66 MOFs, UiO-66-COOCu and 
UiO-66-(COOCu)2, through post synthetic modification with copper nitrate.
28
 Both 
MOFs retained stability following water exposure, as well as dry and humid ammonia 
breakthrough experiments, and UiO-66-(COOCu)2 exceeded the project target of 6 mmol 





Accessibility of guest molecules into the frameworks of the two MOFs were said 
to have been hindered by the bulky copper carboxylate functional groups, predicted from 
their low surface areas, and it was subsequently hypothesized that most of the adsorption 
occurred on the surface of the material, leaving the pore space largely underutilized.
28
 
Therefore, it can be inferred that adding copper carboxylate groups into the MOF 
framework while maintaining surface area and pore accessibility potentially enhances 
ammonia adsorption capabilities. Incorporation of linker defects offer a feasible route to 
accomplishing this, as defects inherently exist in UiO-66 type MOFs.
30
 Water adsorption 
simulations have shown that these defects enhance guest molecule accessibility and 
hydrophillcity to that of the hypothetical “defect-free” structure.
31
 Synthesis modulation, 
typically through elevating reactant batch acidity, has been employed to increase the 
amount of missing linker defects in the UiO-66 framework.
32,33
 Adding defects 
experimentally in UiO-66 has not only increased BET surface area, but also facilitated 
post-synthetic modification and accessibility to the Zr(IV) cluster, as observed by López-
Maya et al., where open Zr-O bonds in defective UiO-66 contributed to improved 
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hydrolytic CWA degradation and lithium alkoxide catalyst incorporation.
34
 Pertinent to 
this study, hydrochloric acid was used create framework defects in UiO-66, averaging 4 
out of 12 missing linkers per node
32
. The MOF was then subjected to post synthetic 
modification with oxalic acid to functionalize carboxylic acid groups into the missing 
linker defect sites.
33
 The resulting material, named UiO-66-ox, yielded increased 
ammonia uptake through the acid-base interactions of carboxylic acid groups and 
ammonia, while mitigating the pore blockage phenomenon seen with UiO-66-COOH and 
UiO-66-(COOH)2, inferred from  minimal losses in BET surface area.
33
 It is hypothesized 
that the greater accessible surface area could be maintained for UiO-66-ox after copper 
functionalization to the carboxyl groups introduced by the oxalic acid species, and will 
allow for enhanced ammonia sorption among other previously tested UiO-66 type MOFs, 
while preserving the chemical and thermal stability of the parent MOF, maintaining its 
practical applicability towards TIC/CWA capture. 
The scope of this study is to achieve the following: 
1. Develop copper carboxylate functional sites in UiO-66 type 
analogues  
2. Determine kinetic effects of copper loading on UiO-66-(COOCu)2 
and UiO-66-ox, which feature carboxyl functionalities in different 
locations in their respective frameworks 
3. Evaluate the ammonia uptake performance of the new MOFs 
containing copper binding sites under dry and humid conditions  
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MATERIALS AND EXPERIMENTAL METHODS 
2.1 Materials and Synthesis Methods 
2.1.1 UiO-66 MOF 
 UiO-66 is a metal organic framework that has been found to possess high 
chemical and thermal stability, containing a six-centered zirconium (IV) metal cluster, 
where the Zr6O4(OH)4 octahedra are twelve-coordinated to carboxylic acid groups from 
terephthalic acid organic linkers.
21 
The 3-dimensional, face-centered cubic structure of 
UiO-66 is comprised of eight tetrahedral cages, with 6 Å triangular windows. 
30, 32 
 A 
visualization of the UiO-66 structure is provided in Figure 2. 
 
Figure 2. Structure of UiO-66 framework (cyan spheres = Zr, red spheres = oxygen, grey 




2.1.2 Synthesis Methods 
 All chemicals used to synthesize MOFs in this study were commercially available 
and used without further purification. Additionally, all MOF synthesis procedures are 
based on work in previously published literature. As a visualization aid, the organic 
linkers used in UiO-66, UiO-66-ox, UiO-66-(COOH)2, and their respective analogues 
post-metal insertion are provided in Figure 3. 
 
Figure 3. Illustration of organic linkers used for MOFs synthesized in this study. 
 
2.1.2.1 UiO-66 
 Synthesis of parent UiO-66 was conducted using a scaled-up procedure based on 
the method used by Cavka et al.
21
  An equimolar mixture of zirconium (IV) chloride 
(0.43 mmol, 100 mg) and terephthalic acid (0.43 mmol, 71.3 mg) were dissolved in 26.5 
mL of N,N-dimethylformamide (DMF) in a 60mL glass vial. The solution was then 
8 
 
transferred to an insulated, isothermal oven at 120°C for 24 h. Following the 
solvothermal synthesis, the resulting solid was filtered and washed three times with DMF, 
then three times with methanol, and then allowed to dry overnight under ambient 
conditions. The dried sample was activated under vacuum at 150°C for 24 h.
32
  
2.1.2.2  UiO-66-(COOH)2 
 UiO-66-(COOH)2 was produced to further study UiO-66-(COOCu)2.
28
 The 
synthesis for UiO-66-(COOH)2 was scaled-up from an original route reported in Biswas 
et al.
35
 Furthermore, it should be stated that the order of adding reactants to form UiO-66-
(COOH)2 affected the resultant MOF crystallinity in this study, and agitation of the 
reaction mixture was detrimental to MOF yield and crystallinity, although this was not 
reported in the original synthesis publication. First, 9 mL of N,N-dimethylacetamide 
(DMA) and 3.6mL of formic acid were placed in a Teflon lined stainless steel reactor.  
The addition of 0.38% (v/v) of water was found previously to improve consistency in 
crystallinity between samples (48 μL  of H2O)
28
, and was subsequently placed into the 
mixture. Equimolar amounts of zirconyl chloride octahydrate (0.93 mmol, 300 mg) and 
1,2,4,5-Benzenetetracarboxylic acid (0.93 mmol, 236.4 mg) were then added to the 
mixture, without stirring. The reactor was then transferred to a programmable oven, 
where it was heated at a rate of 2.2°C min
-1
 to 150°C, and then held constant at that 
temperature for 24h. The resultant solid was then cooled to room temperature, filtered, 
and washed three times with DMF, then three times with acetone, and then three times 
with methanol, and dried overnight under ambient conditions. The as-synthesized sample 
was activated for 12 h under vacuum at 65°C. 
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2.1.2.3  UiO-66-vac 
 A UiO-66 analogue with missing linker defects, named UiO-66-vac, was 
synthesized according to previously published method.
32,33
  Figure 4 illustrates the 
syntheses of UiO-66-vac and UiO-66-ox. Zirconium (IV) chloride (0.54, 125 mg) was 
placed in a 60 mL glass scintillation vial with 5 mL of DMF. Hydrochloric acid (1 mL) 
was then added into the glass vial, and the reaction solution was agitated in a sonication 
bath for 20 minutes. Terephthalic acid (0.75 mmol, 123 mg) was then added to the 
reaction mixture with 10 mL of DMF, and the solution was agitated again for 20 minutes 
in a sonication bath. The reactant mixture was then heated in an isothermal oven at 80°C 
for 24 h. Following the synthesis, the resulting solid was filtered and washed three times 
with DMF, then three times with ethanol, and then allowed to dry overnight under 
ambient conditions. The sample was activated under vacuum at 150°C for 24 h. 
2.1.2.4  UiO-66-ox 
 UiO-66-vac was functionalized with carboxyl groups to create UiO-66-ox 
according to a previous method by DeCoste et al.
33
  UiO-66-vac (250 mg) was mixed 
with ≥99% pure oxalic acid (120 mg) and 10 mL of DMF in a 20 mL glass scintillation 
vial. The reaction mixture was stirred gently using a magnetic stir bar for 24 h at room 
temperature. The resulting solid was then filtered and washed three times with DMF, then 
three times with ethanol, and then was allowed to dry overnight under ambient conditions. 




Figure 4.  Schematic of UiO-66-vac and UiO-66-ox synthesis routes contrasted with the 
traditional UiO-66 synthesis route. Replicated from DeCoste et al.
33
 
2.1.2.5 Copper Insertion: Cu @ UiO-66, UiO-66-(COOCu)2, and UiO-66-ox-Cu 
A reaction procedure to coordinate copper (II) ions to free carboxylic acid groups 
in UiO-66-ox and UiO-66-(COOH)2 was utilized to synthesize UiO-66-ox-Cu and UiO-
66-(COOCu)2, respectively. The metal insertion procedure is based off of a previously 
used copper coordination procedure for UiO-66-COOH and UiO-66-(COOH)2.
28
 The 
general approach involves mixing the MOF and a metal salt in solution to allow for mass 
transfer of the target metal into the framework. This methodology has been applied to 
create Au and Pt impregnations into UiO-66 and UiO-66-NH2, respectively in previous 
investigations.
36,37
 This approach was also used to impregnate parent UiO-66 with copper 
to make Cu @ UiO-66 in this study. A visualization of the four copper MOFs is provided 
in Figure 5, where the metal is hypothesized to exist uncoordinated to the structure in Cu 
@ UiO-66, and bonded to carboxylic acid functionalities to form copper carboxylate 




Figure 5. Illustration of predicted copper coordination nature in Cu @ UiO-66 (left), 
UiO-66-COOCu/UiO-66-(COOCu)2 (middle), and UiO-66-ox-Cu (right). Encircled 
groups—copper after metal impregnation, blue spheres—zirconium metal center clusters, 
solid black lines—organic linkers, dotted black lines—chemical bond to functional group. 
A 0.1 M solution of copper nitrate trihydrate (99%) in DMF was first prepared in 
a 60 mL glass scintillation vial, and agitated using a stir plate for at least 30 min to ensure 
the solution was well mixed. The MOF (UiO-66-ox for UiO-66-ox-Cu, UiO-66-(COOH)2 
for UiO-66-(COOCu)2, and UiO-66 for Cu @ UiO-66) was then added to the reaction 
container in a ratio of 7.6 mg MOF / mL solution (190 mg). The mixture was then 
transferred to an oil bath set to 65°C and agitated using a magnetic stir bar. The resulting 
MOF was then filtered and washed three times with DMF, three times with ethanol, and 
three times with methanol, and then dried overnight under ambient conditions. All MOFs 
were activated based on the thermal stabilities of their respective parent MOFs, which 
was shown not to change significantly after metal insertion, where UiO-66-(COOCu)2 
was activated at 65°C for 12 h, and 150°C for 24 h for UiO-66-ox-Cu and Cu @ UiO-66, 






2.2 Characterization Techniques 
2.2.1 Powder X-Ray Diffraction (PXRD) 
 Powder X-Ray diffraction patterns of the powder MOF samples were collected 
using an X’Pert Pro PANanalytical X-ray diffractometer. Measurements were taken at 
room temperature, with Cu Kα radiation (λ = 1.542 Å), and a step size of 0.02° 2θ, from 
4 to 60 degrees. PXRD patterns were compared with both patterns from previous 
literature and simulated patterns to help verify MOF crystal structures, observe structural 
integrity following experiments, gauge the impact of adding functional groups on base 
MOF structures, and study the impact of metal insertion on the diffraction patterns.  
2.2.2 Nitrogen Physisorption Isothermal Measurements 
 Nitrogen adsorption measurements were taken isothermally at 77 K using a 
Quadrasorb Evo instrument from Quantachrome Instruments. Data from the adsorption 
measurements were used to calculate the surface area of the materials, by fitting the 
adsorption data to the Brunauer, Emmett, and Teller (BET) model. The BET model has 
been suggested by Walton et al. to remain applicable to MOF surface area measurements 
over a pressure range of 0.005 P / P0, so a range of 0.005 < P / P0 < 0.03 was used in this 
study.
38  
Furthermore, the appropriate BET consistency criteria in accordance with 
observations of UiO-66 by Gómez-Gualdrón et al. were applied to verify accuracy in 
surface area measurements.
39
 Approximately 30-50 mg of the activated samples were 
used in generating the isotherms. Activation for samples prior to N2 physisorption was 
carried out using a Quantachrome Instruments FloVac Degasser, and activation 
conditions for the respective samples are detailed in Section 2.1. 
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2.2.3 Thermogravimetric Analysis (TGA) 
 Thermogravimetric analysis was used to study the thermal degradation 
temperatures of synthesized materials, as well as help determine desolvation and 
dehydration temperatures (used for activation conditions). A Netzsch STA 449 F1 Jupiter 
instrument was used to collect TGA measurements. Approximately 15-30 mg of sample 
was placed in a crucible under a 20 mL min
-1 
flow of helium.  The samples were then 
heated from 20-800°C at a rate of 2 °C min
-1
, and then heated isothermally for 2 h at 
800°C before terminating data collection. 
2.2.4 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) 
 Elemental analysis using ICP-OES was utilized to determine copper and 
zirconium metal contents in the samples that were investigated. Data were provided as 
mass percentages, but are normalized by the calculated theoretical loading of the 
respective materials (based off of stoichiometry) to negate relative density differences 
amongst samples. Materials were shipped to ALS Environmental for all ICP-OES 
measurements. 
2.3 Ammonia Breakthrough Measurements 
 Evaluation of air purification performance was analyzed through breakthrough 
testing, as this method considers mass transfer limitations, unlike equilibrium 
measurements, which can greatly impact CBRN performance.
15
 Data for dynamic 
ammonia breakthrough capacities were collected using an in-house built breakthrough 
apparatus, slightly manipulated from the one described by Mangarella and Walton 
previously.
40
 The schematic is shown in Figure 6. About 5-20 mg of sample was packed 
14 
 
vertically in a quartz tube (4mm ID) to a height of 4.3 mm with porous frits to permit gas 
flow, resulting in a final volume of 55mm
3
. Tubes were also packed with quartz wool 
prior to breakthrough measurements to avoid pressure drop through the column. 
Throughout the course of the experiment, the sample in the packed bed was subjected to 
an inlet ammonia containing stream, until the bed became saturated with the vapor 
species, after which the gas broke through and was detected by a chemical sensor 
downstream from the bed. Breakthrough curves were obtained by taking ammonia 
concentration readings and experiment time readings every 30 seconds. Ammonia 
concentrations were normalized by activated adsorbent weight, which was measured 
immediately before breakthrough testing. 
 Activation was carried out in-situ, using HTS Amptek heat tape in junction with a 
temperature PID controller, and under 20 mL min
-1
 N2 flow. Samples were weighed 
before and after activation to obtain activated weight for dynamic capacity calculations, 
and were allowed to cool to room temperature under N2 flow prior to ammonia 
breakthrough measurements. 
 Breakthrough measurements were taken in dry and humid conditions at room 
temperature. Ammonia was introduced to the system at a concentration of 7155 ppm and 
a flow rate of 4 mL min
-1
, and mixed with air at a flow rate of 16 mL min
-1
 before 
entering the packed bed. For wet breakthrough experiments, the air stream passes through 
a water bubbler, illustrated in Figure 6, before contacting the incoming ammonia. The 
apparatus under setup for wet breakthrough was observed to result in ~80% RH for wet 
breakthrough runs, and a calculated NH3 concentration of 1431 ppm. In dry conditions, 
the air stream circumvents the bubbler. Ammonia flow was terminated when effluent 
15 
 
concentrations reached 500 ppm to preserve the lifetime of the sensor, and N2 was flowed 
in at 20 mL min
-1 
following breakthrough for desorption measurements. Calculated 
dynamic breakthrough capacities for ammonia have an approximate error of around 10%, 




Figure 6.  Schematic of ammonia breakthrough system. Pressure gauges immediately 
upstream and downstream from the packed bed are omitted in this diagram. 
 
2.4 Isothermal Water Vapor Adsorption Measurements 
 An Intelligent Gravimetric Analyzer (IGA-3) machine was used to collect data for 
water vapor adsorption experiments. Samples were activated in-situ under vacuum, at 
their respective activation temperatures, until weight loss (measured continuously) was 
no longer observed. Data was collected isothermally at 25°C and 1 bar. Samples were 
exposed to water vapor up to 90% RH to avoid condensation, using a total gas flow rate 
of 200 mL min
-1
 with dry air as the carrier/balance at each condition.   
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Results and Discussion 
3.1 Materials Synthesis and Characterization 
3.1.1 Synthesis and Characterization of MOFs  
 Four batches of UiO-66-vac were synthesized for this study. The average BET 
surface areas of the UiO-66-vac samples based on N2 physisorption measurements were 









 by DeCoste et al.
33
  It should be stated that although the surface areas between batches 
were within standard deviation of measurements and machine error, the location and 
number of defects in the material are not controlled in the synthesis of UiO-66-vac. 
Furthermore, simulated surface areas have not been generated for UiO-66-vac or UiO-66-
ox, and should be calculated for further study. Elemental analysis in previous literature 
suggests 4 missing linkers per node correspond to the resultant MOF structure.
32
 
Subsequently, TG analysis of UiO-66-vac was utilized to verify the reproducibility of the 
number of missing linker defects for the material used in this work. Figure 7 contrasts the 
linker loss of UiO-66-vac with parent UiO-66
36
, which is assumed to possess non-
stoichiometry of 1 out of 12 missing linkers; previously shown to be inherent to the 
structure. 
22,30,31
 The activated mass loss of both MOFs in Figure 7 reveals close to 10 % 
less linker volatilization by mass in UiO-66-vac as observed with UiO-66, in agreement 






Figure 7. Activated mass loss curves for UiO-66 and UiO-66-vac. TG data for UiO-66 
replicated from Tulig et al.
36
 
 Multiple batches of UiO-66-ox were synthesized with an average surface area of 













 Disagreement in surface areas may be due to a higher degree of oxalic acid 
functionalization with missing linker defect sites in UiO-66-vac than in experiments 
featured in previous literature, which would cause the resulting surface area to decrease. 
It is also likely consequential of surface area differences in the mixed UiO-66-vac 
precursor batch used in the syntheses. Regardless, the observed drop in surface area 
alludes to the expected inclusion of carboxyl groups into the MOF’s framework after 
treatment with oxalic acid.  
 One batch of UiO-66-ox-Cu was then made through copper insertion on activated 




, exhibiting negligible surface area 




 for UiO-66-ox.  One batch of 
18 
 
Cu @ UiO-66 was also synthesized, using parent UiO-66 as the MOF precursor, for 
comparison to UiO-66-ox-Cu, in order to gauge effects of defects on metal loading sites. 




, in close agreement with experimental 
values from previous literature.
21,36,42
 Figure 8 displays the N2 physisorption curves used 
for BET surface area analysis of all materials, where the resulting surface area for Cu @ 




: a 30% loss from the parent material. Loss in 
surface area post-impregnation has been observed in similar systems, where a 31% BET 
surface area loss was observed by Guo et al. following Pt impregnation (10.7 wt%). in 
UiO-66-NH2
37
 and 67% loss after Pd impregnation in MOF-5 reported by Sabo et al.
43
 
This also may suggest the nature of Cu incorporation into Cu @ UiO-66 is predominantly 
representative of an impregnation of the metal into the pore space of the MOF, rather 
than coordination of copper to binding sites. Surface area loss is less significant in UiO-
66 MOFs with open carboxyl functional groups because incoming Cu
2+
 ions are predicted 
to bind to the carboxylic acid sites instead of becoming trapped in the pore space.  The 
PXRD patterns in Figure 9 for all materials suggest the structural properties of UiO-66 
are maintained throughout all of the samples following copper insertion. BET surface 






Figure 8. Nitrogen physisorption isotherm curves at 77 K for UiO-66-vac, UiO-66-ox,           
UiO-66-ox-Cu, and Cu @ UiO-66. Open symbols—desorption, closed symbols—
adsorption. 
 
Figure 9. Comparison of PXRD patterns of UiO-66-vac, UiO-66-ox, and UiO-66-ox-Cu 
to the theoretical diffraction pattern of UiO-66. 
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Table 1. Surface areas, pore volumes, and copper loadings for activated materials, with 
previously synthesized UiO-66-COOCu and UiO-66-(COOCu)2. 
MOF 
Copper Weight Percent (wt %) 
Surface 















UiO-66 ---- ---- ---- 1111 0.73 
Cu @ UiO-66 4.51 0 ----
 
781 0.46 
UiO-66-vac  ---- ---- ---- 1534 0.80 
UiO-66-ox  ---- ---- ---- 1158 0.59 
UiO-66-ox-
Cu  
















3.15 14.52 0.22 357 0.18 
a
 Measured at P/P0 = 0.5  
b 




 Theoretical loadings based on coordinating one Cu
2+
 ion per two free carboxylic acid groups 
 
3.1.2 Comparison of Structural Properties for Copper Functionalized UiO-66 MOFs
 MOF crystals were observed to change from white to light blue, indicative of 
copper (II) compounds.
44
 These physical changes, illustrated in Figure 10, have been 
observed previously with MOFs containing copper carboxylate functionalities
28







Figure 10. Comparison of UiO-66 before (left) and after (right) copper insertion 
Newly synthesized UiO-66-ox-Cu and Cu @ UiO-66 were compared to UiO-66-
COOCu and UiO-66-(COOCu)2, whose BET surface areas are also reported in Table 1. 
UiO-66-ox-Cu exhibits the highest surface area and lowest loss in surface area from its 
parent precursor among the materials studied. This is due to copper carboxylate 
functionalities residing away from pore openings near the Zr metal center clusters, 
mitigating pore blockage. UiO-66-COOCu and UiO-66-(COOCu)2 instead have 
functional groups on the linkers surrounding the pores of the MOF, which was previously 
hypothesized to result in partial pore blocking for incoming guest molecules.
28
 
Copper loadings on all activated materials were experimentally quantified through 
ICP-OES, as detailed in Section 2.2.4. Copper weight percents in Table 1 were averaged 
over multiple readings for the new materials Cu @ UiO-66 and UiO-66-ox-Cu. The 
copper content results are normalized by taking the ratio of the experimentally 
determined copper weight percent over the theoretical copper weight percent. Theoretical 
copper weight percents were calculated by taking the hypothetical number of free 
22 
 
carboxylic acid groups in UiO-66-ox, UiO-66-COOH, and UiO-66-(COOH)2 respectively, 
per theoretical unit cell. For example, the number of carboxyl binding sites in UiO-66-
COOH and UiO-66-(COOH)2 are the number of carboxylic acid groups on each ligand 
for the respective materials. Similarly, this number for UiO-66-ox was derived from the 
previous approximation of half of the missing linker sites becoming populated by oxalic 
acid
33
, as mentioned earlier, where the number of oxalic acid species is assumed to be 
equal to the number of free carboxylic acid sites in the material. The theoretical copper 
loading for parent UiO-66 was subsequently assumed to be zero, since the ideal unit cell 
has no open carboxylic acid groups.
21
 Furthermore, for finding the theoretical Cu weight 
percent, it was assumed that one Cu
2+
 ion binds to two carboxyl groups to assure charge 
neutrality. The fraction of theoretical Cu weight percent in Table 1 was then found by 
taking the ratio of the experimentally observed copper weight percent from ICP-OES 
measurements over the calculated theoretical one. 
Despite the highest number of theoretical carboxyl binding sites for copper 
residing in UiO-66-(COOCu)2, this MOF possessed the lowest copper content, whereas 
UiO-66-COOCu had the highest, which was previously attributed to steric hindrance of 
Cu ions towards the dicarboxylate ligands in UiO-66-(COOH)2.
28
  UiO-66-ox-Cu reaches 
the highest fractional loading, suggesting most of the theoretical carboxylic acid sites 
become populated with copper during metal insertion. However, the close to theoretical 
loading may also be due to copper impregnation, which is likely more prevalent in UiO-
66-ox-Cu due to greater pore accessibility that is otherwise hindered by the linker 
functionalities in UiO-66-COOH and UiO-66-(COOH)2. In any case, this result alludes to 
a greater accessibility for metal cations to carboxyl binding groups in the defect-
23 
 
functionalized UiO-66-ox-Cu. Cu @ UiO-66 surprisingly possessed comparable Cu 
loadings to the MOFs with uncoordinated carboxylic acid binding sites. This is attributed 
to the copper becoming impregnated in the pore space during the post synthetic 
modification, as well as some –COOCu coordination from missing linker sites inherent in 
the parent UiO-66 framework.  
MOFs have been shown previously to exhibit decreases in their thermal stability 
following metal incorporation
37
, so TGA was employed to study the impact of copper 
insertion into the defective UiO-66 system. Figure 11 shows the activated mass loss 
curves for the four copper functionalized UiO-66 derived MOFs. Higher mass loss 
percentages are observed for UiO-66-COOCu and UiO-66-(COOCu)2 due to their larger 
linker molecules, and subsequently larger organic mass fractions than the other two 
materials. UiO-66-ox-Cu and Cu @ UiO-66 exhibit thermal stabilities close to that of the 
parent UiO-66 MOF, which features framework degradation above 500°C.
45
 UiO-66-
COOCu and UiO-66-(COOCu)2 were also shown to possess thermal stabilities close to 
their respective parent MOFs, UiO-66-COOH and UiO-66-(COOH)2, after copper 
coordination, with loss of structural integrity close to 100°C. Negligible stability loss 
after metal coordination to UiO-66 has also been observed in the grafting of lithium tert-
butoxide in a previous study
46
, where the insignificant destabilization of the framework 
from the metal guest species appears similar to the copper carboxylates in this study. It is 
therefore concluded that post synthetic modification of carboxylic acid groups with 
copper on UiO-66 does not result in any significant observable loss in thermal stability, 










3.2 Kinetic Studies on Metal Loading 
 Metal loading times for UiO-66-(COOCu)2 and UiO-66-ox-Cu were varied to 
study the kinetics of copper insertion on the MOFs. Loading time was varied in effort to 
probe possible mass transfer limitations, such as diffusion, of copper into the materials. 
These two MOFs were chosen due to their contrasting hypothetical coordination sites for 
copper, as illustrated previously in Figure 5, which may provide insight into mass transfer 
limitations for metal insertion into varying active –COOH locations. Although previous 
work studying the effect on metal loading into MOFs by varying loading time have not 
been performed to the best of our knowledge, a study on UiO-66 and UiO-66-NH2 on 
phosphate uptake in aqueous media showed phosphate uptake to increase with loading 





Analogous uptake behavior in porous iron oxide media for hexavalent chromium ions 
was also observed by Shi et al.
48
, however this material is not microporous like the 
samples investigated here, so the uptake mechanism would differ significantly. 
 Copper loading times of 6, 12, and 24 h were used for the time trial experiments, 
where all other parameters for metal insertion as detailed in Section 2.1.2.5 were kept 
constant. Labeling nomenclature for the materials is as follows: MOF name-metal 
insertion time; for example, UiO-66-ox-Cu loaded with copper for 6 hours is named UiO-
66-ox-Cu-6h. The same parent MOF batches were used to synthesize 6 and 12 hour 
batches of UiO-66-ox-Cu and UiO-66-(COOCu)2, respectively, for consistency in 
textural properties. ICP-OES was used to ascertain metal loadings of the samples, which 
are shown in Figure 12. Trends in metal loading vary significantly between UiO-66-ox-
Cu and UiO-66-(COOCu)2. UiO-66-ox-Cu-6h displays a lower copper loading than 
observed with the MOF at higher metal insertion times, as expected. Relatively higher 
loadings at 12h and 24h are observed as reaction time increases. UiO-66-ox-Cu-12h is 
shown to have a higher copper content than UiO-66-ox-Cu-24h, and also exceeds the 
theoretical maximum loading of the material. This result is puzzling, but may be due to 
UiO-66-ox-Cu-12h and UiO-66-ox-Cu-24h being made from different batches of UiO-
66-ox, as the location and number of carboxyl binding functionalities are not controlled 
between batches of the parent MOF, which could impact metal transport to active sites in 
each framework. It may also indicate the material is approaching a maximum loading, 
and metal loading experiments at longer times are necessary to confirm this. 
Overshooting the theoretical maximum loading of UiO-66-ox-Cu suggests a significant 
amount of the detected copper exists as impregnated metal, instead of as copper 
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carboxylate functionalities. The uncontrolled defects and subsequent carboxylic acid 
functionalities involved in the synthesis of UiO-66-ox may also cause there to be more 
available carboxylic acid binding sites for guest copper species to bind to during the 
reaction than expected. No direct correlation can be ascertained between copper loading 
and time for UiO-66-ox-Cu. 
Lower copper loadings were observed at all loading times for UiO-66-(COOCu)2, 
suggesting more significant binding limitations for metal loading exists in this system. 
The mass fraction of copper in UiO-66-(COOCu)2 counterintuitively decreased with 
increasing metal loading time. The fractional loading at 6h suggests there is initially a 
high uptake of copper into the material. This large initial uptake is likely consequent of 
the relatively high theoretical loading from two free carboxyl binding sites per organic 
linker, as reflected by the MOF’s high theoretical loading relative to the other materials 
in this study of 14.52 wt% copper. As time increases from 12h to 24h, the degree of 
copper loss decreases, suggesting the loading may be approaching equilibrium, although 
testing with longer loading times would be required to confirm this. Lower average 
copper content for UiO-66-(COOCu)2 at all loading times may be due to steric hindrance 
between the copper carboxylate functionalities amongst one another as more copper 
coordinates to the binding sites on the terepthalate linkers. The close hypothetical 
proximity of the copper carboxylate functionalities to one another may destabilize the 
Cu-COO
-
 bonds, making copper binding and retention unfavorable. The loss of copper 
over time for UiO-66-(COOCu)2 and between 12h and 24h for UiO-66-ox-Cu is puzzling, 
but it may be subsequent of solvent effects in the copper loading reaction. The solvent 
used (DMF) is slightly alkaline, but pH measurements show the reaction solution 
27 
 
becomes acidic after the addition of Cu(NO3)2, likely due to the formation of nitric acid 
from the deprotonation of carboxylic acid groups on the MOFs by the introduced nitrate 
anions, as well as water impurity in DMF. Subsequently, the reagent solution could be 
equilibrating as reaction time increases, where the functionalized copper on –COOCu 
groups may become displaced as carboxyl groups are reprotonated by acidic species. This 
behavior is more pronounced in UiO-66-(COOCu)2, possibly due to the aforementioned 
instability of –COOCu groups relative to UiO-66-ox-Cu, and a greater accessibility of 
copper carboxylate groups on ligand functionalities, which would facilitate metal 
leaching through these solvent effects. However, this mechanism may also explain why 
there is a loading decrease from 12h to 24h loadings on UiO-66-ox-Cu. Longer metal 
insertion times and pH measurements over the reaction time period are required to further 
probe this hypothesis. Furthermore, it is suggested that using a copper salt that produces a 
basic anion in solution, such as copper acetate, could be used to contrast the effects of 




Figure 12. Change in copper content for UiO-66-ox-Cu and UiO-66-(COOCu)2 for 





3.3 Isothermal Water Vapor Adsorption Measurements 
 Although adsorption affinity is dependent on a multitude of factors, adsorbent 
hydrophillicity is generally detrimental for the adsorption of other species in humid 
streams, since it leads to competitive adsorption in the binding sites of the materials 
between the adsorbate of interest and water.
15,49
 However, a recent screening of 
hydrophobic MOFs by the Moghadam et al. showed that high hydrophobicity in MOFs 
also lowered TIC adsorption affinity, and the most favorable MOFs for ammonia 
selectivity exhibited moderate hydrophobicity.
50
 UiO-66 is slightly hydrophobic
49
, and 
adding missing linker defects increases water binding affinity.
31
 So, water vapor 
adsorption measurements were taken for UiO-66-vac, UiO-66-ox, and UiO-66-ox-Cu 
29 
 
MOFs to gauge hydrophobicity of the materials following defect incorporation and 
subsequent copper coordination. 
 Water adsorption isotherms at 25 °C for the aforementioned MOFs are shown in 
Figure 13, along with a previously obtained isotherm for parent UiO-66.
51
 Water 
capacities are normalized by mass of adsorbent for the curves. All materials exhibit lower 
pressure hysteresis (H1), which is common for microporous materials.
52
 Pore filling 
appears to occur at the same step (20% RH) for UiO-66 and UiO-66-vac, suggesting the 
pore sizes are close to one another, despite missing linker moieties in UiO-66-vac.
20
 
Water adsorption simulations on UiO-66 have predicted the same increase in water 
adsorption after the introduction of missing linker defects observed here between UiO-
66-vac and the parent material.
31
 Interestingly, UiO-66-ox and UiO-66-ox-Cu exhibit 
more hydrophobic behavior, despite the introduction of hydrophilic carboxyl and 
unsaturated copper functionalities, respectively. Increased water vapor loadings from 
UiO-66-ox to UiO-66-ox-Cu are due to the inclusion of metal cations, which have high 
affinities towards water, despite increased adsorbent density following metal loading.
20
 
Water retention amounts following desorption for all samples are within error of one 
another. N2 physisorption experiments show significant surface area losses for UiO-66-ox 
and UiO-66-ox-Cu only; this information is provided in Table 2, along with the water 
loadings for each MOF at 90% RH. UiO-66-vac shows no observable change in surface 
area, confirming the retention of water stability of the material with missing linker 
defects. PXRD patterns in Figure 14 confirm structure retention after H2O exposure, 
although the high degree of surface area loss in UiO-66-ox-Cu may still indicate 
degradation that does not affect the long-range order of the crystalline material, which 
30 
 
would be captured by diffraction measurements. One previously proposed mechanism for 
MOF degradation after water exposure involves metal-ligand bond replacement with 
water molecules, which was said to be more favorable in systems where the metal centers 
are less coordinated
53
. The existence of missing linker defects in UiO-66-ox-Cu in 
contrast with parent UiO-66 aligns with this proposed mechanism, and the added steric 
interference from coupled –COOCu groups near the zirconium metal centers may lead to 
the proposed metal-ligand replacement mechanism in the presence of water vapor. Strong 
retention of water from hydrophilic functionalities in UiO-66-ox and UiO-66-ox-Cu 
during activation of the materials may have caused lower surface area measurements 
following water vapor adsorption measurements.  
 
Figure 13. Water adsorption isotherms at 1 bar, 25°C, for UiO-66, UiO-66-vac, UiO-66-
ox, and UiO-66-ox-Cu. Open symbols – desorption, closed symbols – adsorption. Data 








Table 2. Water vapor adsorption data and surface area changes in UiO-66-vac, UiO-66-
ox, and UiO-66-ox-Cu before and after water vapor adsorption experiments 
MOF 
Loading at 


















UiO-66-vac 0.59 0.04 1534 1566 - 
UiO-66-ox 0.28 0.05 1158 835 28 
UiO-66-ox-Cu 0.37 0.05 1116 538 50 
 
 
Figure 14. PXRD patterns of UiO-66-vac, UiO-66-ox, and UiO-66-ox-Cu after water 
vapor adsorption experiments with the theoretical diffraction pattern of UiO-66 
Uptake behavior of UiO-66-ox is similar to that of UiO-66-COOH and UiO-66-
(COOH)2, which also contain carboxylic acid functionalities, as evidence by Figure 15. 
The isotherm trends for all three MOFs indicate weak affinity for water. Polar carboxylic 
acid groups on UiO-66-(COOH)2 have been previously observed to create Type I water 
isotherms
54





, in contrast to the more sigmoidal shapes observed here, and 
further reproducibility on these measurements should be carried out to check for 
consistency. Because all three MOFs are of the same isostructural family and feature 
carboxylic acid functional groups, water uptakes for the MOFs primarily differ depending 
on surface area and pore accessibility, where UiO-66-ox has the highest surface area and 
observed water uptake. The high degree of hysteresis in UiO-66-ox as compared to the 
other two MOFs suggests irreversible loading between water molecules and the 
carboxylic acid functional groups in the MOF
49
, and therefore, a higher degree of the 
carboxyl functionalities in UiO-66-ox are likely accessible at for binding and retention of 
water than in the other two MOFs.  
 
Figure 15.  Water adsorption isotherms at 1 bar, 25°C for UiO-66-ox, UiO-66-COOH, 
and UiO-66-(COOH)2. Open symbols – desorption, closed symbols – adsorption. 
The water isotherm for UiO-66-ox-Cu is contrasted with the previously tested 
UiO-66-COOCu and UiO-66-(COOCu)2 in Figure 16. Type I isotherms were observed 





Close uniformity in isotherm shape and water loadings exist at each humidity point for 
UiO-66-COOCu and UiO-66-(COOCu)2, which is not evident for their parent MOFs in 
Figure 15, implying hydrophilic metal sites are coordinated similarly in these two 
materials. Water uptake in UiO-66-ox-Cu deviated from this behavior, where the 
isotherm only starts to display significant water uptake at 40% RH, despite exhibiting the 
highest water capacity at 90% RH of all samples. The sigmoidal shape of the adsorption 
curve for UiO-66-ox-Cu is likely consequent of the partial degradation of the material, as 
explained earlier for Figure 13. Vapor loadings do not correlate with Cu mass fractions 
for the MOFs, made apparent by comparison with the data listed previously in Table 1. 
Greater hydrophobicity for UiO-66-ox-Cu suggests copper is mostly present in locations 
less accessible to water vapor at lower pressures than with UiO-66-COOCu and UiO-66-
(COOCu)2. Because carboxyl functionalities for binding copper are believed to be located 
inside the framework of UiO-66-ox, it is possible the copper in UiO-66-ox-Cu is largely 
coordinated within the pore space, whereas copper carboxylate sites on UiO-66-COOCu 
and UiO-66-(COOCu)2 may be mostly located externally on the MOF crystals, leading to 
the Type I behavior from the easily accessible copper binding sites for H2O. Higher water 
retention at 90% RH in UiO-66-ox-Cu may be due to a higher accessibility of copper 
groups in the material following the partial degradation of the structure, although any 




Figure 16. Water adsorption isotherms for copper-inserted MOFs: UiO-66-ox-Cu, UiO-
66-COOCu, and UiO-66-(COOCu)2. Open symbols – desorption, closed symbols – 
adsorption. 
 
3.4 Ammonia Breakthrough Measurements 
3.4.1 Dynamic Ammonia Breakthrough Capacities for New Materials 
 Breakthrough measurements are the preferred method of evaluating the 
performance of materials used for air purification, as it provides insight into any mass 
transfer limitations that may exist for the material and the challenge gas, and allows for 
the simulation of conditions that exist in the end application (i.e. humidity, concentration, 
etc.), which is not the case for equilibrium measurements.
15,56
 Both dry and humid (80% 
relative humidity) ammonia breakthrough experiments were run for Cu @ UiO-66, as 
well as UiO-66-(COOCu)2 and UiO-66-ox-Cu samples synthesized at 6, 12, and 24 hour 
copper loadings. Dynamic ammonia capacities were calculated using Equation 1, where 
35 
 
the breakthrough time (tb) was defined as the time required for detection of 50 ppm NH3 
to align with the OSHA Permissible Exposure Limit (PEL) for ammonia.
5
 
                                                                            
       
  
                                                             
 Color changes were observed in both dry and humid ammonia breakthrough runs 
for all MOFs subjected to post synthetic modification with copper in this study. This 
physical change is attributed to NH3 binding with both coordinated and impregnated Cu 
(II), as uncoordinated copper can form polynuclear complexes
57
 capable of binding 
adsorbates such as ammonia, which has also been reported with coordinatively 
unsaturated metal sites in MOFs.
55
 Observable evidence of ammonia-copper interactions 
is noted in Figure 17, where a color change of the sample from light to dark blue is seen. 
This is indicative of ammonia-copper interactions in MOFs, as described previously with 
HKUST-1.
17
 This color change was also observed to be irreversible under activation 
conditions for the respective MOFs. Ammonia enters the bed from the top, and creates 





Figure 17. Progressive color change of UiO-66-(COOCu)2 during ammonia 
breakthrough experiment. Dark blue areas indicate regions exposed to ammonia, and 
light blue sections are unexposed MOF. Time lapse of NH3 exposure progresses left to 
right. 
Dry and humid dynamic breakthrough curves were collected for Cu @ UiO-66. 
Previously reported experimental ammonia capacities for UiO-66 are provided for 
comparison with Cu @ UiO-66.
42
 Dynamic uptake capacities are provided in Table 3. 
Increased uptake capacity for Cu @ UiO-66 in dry conditions is attributed to copper 
carboxylate sites forming on inherent missing linker  sites
58
 in parent UiO-66, though it is 
important to note the coordination nature of copper in the MOF is unknown. Increases in 
uptake are not as significant as ones observed for UiO-66-COOH and UiO-66-(COOH)2
28
 
however, and this is attributed to the small number of average missing linker sites (1 out 
of 12)
22
 available to create coordinatively unsaturated copper sites that can strongly bind 
ammonia. Capacity drop in humid conditions is likely related to non-primary chemical 
bonding between adsorbates in the mixed stream. Synergistic binding effects have been 
observed for mixed water and ammonia streams
59
, but these are consequent of 





 DFT calculations by Watanabe et al.
60
 suggest secondary binding 
of NH3 and H2O on Cu sites in HKUST-1 is less favorable, based on their pair interaction 
energies, than observed with individual molecules, and a similar phenomena is 
hypothesized in this study for coordinated copper in UiO-66 type MOFs. Greater relative 
abundance of these weaker interactions in wet breakthrough experiments are shown by 
the desorption curves for Cu @ UiO-66 in dry and humid streams in Figure 18 and Figure 
19, respectively. The more shallow desorption curve in Figure 19 is consequent of mass 
transfer limitations during the wet breakthrough experiment, caused by weakly adsorbed 
species leaving the adsorbent.
59
 Cooperative physisorption effects are likely constrained 
in Cu @ UiO-66, due to pore space blocking by the impregnated metal, evidenced by the 
lower pore volume reported earlier in Table 1. This is thought to create a more 
competitive bonding environment between water and ammonia on the active metal sites, 
which has previously been attributed to a decrease in material acidity from water 
bonding
59









Table 3. Dynamic breakthrough capacities of ammonia for UiO-66, Cu @ UiO-66, UiO-
66-ox, and UiO-66-ox-Cu under dry and humid conditions.  












UiO-66-ox-Cu 4.31 4.02 
a




 Data reported from DeCoste et al.
33
 
 Dry and humid dynamic breakthrough capacities for UiO-66-ox and UiO-66-ox-
Cu were also contrasted, and are included in Table 3. In contrast to the differences in 
ammonia adsorption between UiO-66 and Cu @ UiO-66, large increases in dynamic 
ammonia capacities were observed before and after metal insertion for UiO-66-ox, where 
UiO-66-ox-Cu exhibited a 75 % increase in humid capacity and 72 % increase under dry 
conditions. Ammonia breakthrough curves in Figure 18 and Figure 19 further delineate 
greater favorability of ammonia adsorption in UiO-66-ox-Cu over Cu @ UiO-66. The 
difference in ammonia capacity changes before and after metal insertion between the two 
MOF systems is due to the role of defects in copper coordination. Greater pore volume 
and surface area measurements, for UiO-66-ox-Cu imply adsorption sites within the 
framework are more accessible to guest species. Physisorption of ammonia subsequently 
appears more prevalent in the UiO-66-ox-Cu system than with Cu @ UiO-66, as 
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adsorbent-adsorbate interactions are promoted, as evidenced by more shallow desorption 
curves for UiO-66-ox-Cu than Cu @ UiO-66 in Figure 18 and Figure 19.  
 
Figure 18. Dry ammonia breakthrough curves for Cu @ UiO-66 and UiO-66-ox-Cu 
 
Figure 19. Humid ammonia breakthrough curves for Cu @ UiO-66 and UiO-66-ox-Cu 
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Comparing dynamic uptakes of the MOFs in this study with the metal loadings 
reported in Table 1 suggests the respective coordination environments and accessibilities 
of copper sites in the MOF structures are more impactful for ammonia uptake than copper 
loading. Importance of functional group orientation and accessibility for NH3 adsorption 
has been shown previously through Monte Carlo simulations on IRMOF-1 and MIL-47, 
where steric effects for –OH groups positions on MIL-47 resulted in a lower ammonia 
loadings, despite having a larger pore size than IRMOF-1.
61
 No direct correlation is 
observed between metal loading and ammonia uptake performance for the UiO-66 type 
MOFs post-copper functionalization. In fact, Figure 20 shows UiO-66-(COOCu)2, which 
was found to have the lowest copper content, is the highest performing MOF for 
ammonia uptake under wet and dry conditions. This is likely due to the accessibility of 
copper binding sites for ammonia on functional groups located directly in pore 
openings.
28
 In contrast, the copper loading for Cu @ UiO-66 is in the middle of the 
investigated MOFs, but exhibits the lowest NH3 dynamic capacities under wet and dry 
conditions. It is hypothesized that the lack of –COOH coordination sites for copper 
prevented the formation of –COOCu groups in the framework for ammonia binding. 
Furthermore, the accessibility of copper impregnated in the UiO-66 framework is much 
lower than the other MOFs, particularly the similar UiO-66-ox-Cu system, resulting in 




Figure 20. Comparison of dry and wet ammonia breakthrough capacities for UiO-66 type 
MOFs after post synthetic modification with copper. Data for UiO-66-COOCu and UiO-
66-(COOCu)2 taken from Garcia-Gutierrez
28
 
 MOFs were reactivated following ammonia breakthrough experiments, and BET 
surface area measurements were taken to study the regeneration of Cu @ UiO-66 and 
UiO-66-ox-Cu after dry and wet ammonia breakthrough experiments. Table 4 
summarizes the change in BET surface area after dry and wet NH3 exposure for the two 
MOFs. Cu @ UiO-66 showed no change in surface area after dry ammonia, while the 
surface area of UiO-66-ox-Cu was almost halved. This may indicate irreversibly 
adsorbed ammonia molecules in the pore space were hindering N2 accessibility during the 
physisorption experiment. The accessible surface area of Cu @ UiO-66 dropped 38% 
after humid NH3 exposure, likely due to retained water and ammonia molecules in the 
crystal lattice. UiO-66-ox-Cu however lost 71 % of its original BET surface area 
following wet ammonia breakthrough measurements. Furthermore, unlike Cu @ UiO-66, 




as evidenced by the X-ray diffraction patterns shown in Figure 21. The PXRD and N2 
physisorption data suggests ammonia and water synergistically contribute to the 
degradation of UiO-66-ox-Cu, as large surface area losses were observed for the material 
under water exposure listed previously in Table 2, and dry ammonia exposure as reported 
in Table 3, but Figure 21 reveals loss of crystal structure only after wet ammonia 
breakthrough experiments. It should be noted that the PXRD patterns following water 
adsorption experiments given previously in Figure 14 showed no structural degradation 
for the material. Interestingly, PXRD data for UiO-66-ox, provided in Figure 22, does not 
show the same structural loss as UiO-66-ox-Cu, and this was similarly not observed for 
Cu @ UiO-66 in Figure 21 or other UiO-66 type MOFs subjected to copper insertion.
28
 
So, the presence of defects and copper in UiO-66-ox-Cu both affect the degradation of 
UiO-66-ox-Cu after humid ammonia exposure. One hypothesis is that the coordinated 
copper in the framework may be in close enough proximity to zirconium metal clusters in 
the framework to destabilize the bonds between the metal centers and organic linkers, 
such that water and ammonia guest molecules coordinating to copper sites create 
sufficient steric interference to degrade the framework around the metal nodes. In the 
future, copper should also be incorporated into UiO-66-vac to gauge any chemical 
stability change and ascertain if copper is interacting directly with open zirconium sites in 





Table 4. BET surface area measurements for Cu @ UiO-66 and UiO-66-ox-Cu after dry 
and wet NH3 breakthrough experiments 
MOF Post Dry NH3  Post Wet NH3 


















Cu @ UiO-66 794 - 484 38 




Figure 21. PXRD spectra of Cu @ UiO-66 and UiO-66-ox-cu before and after dry and 




Figure 22. PXRD spectra of UiO-66-ox before and after humid NH3 exposure 
  
3.4.2 Effect of Copper Loading on Ammonia Breakthrough Capacity 
Breakthrough capacities for UiO-66-(COOCu)2 and UiO-66-ox-Cu with varied 
respective Cu masses, as detailed previously in Section 3.2, were also found to elucidate 
any trend between metal insertion and ammonia capacity. Figure 23 and Figure 24 show 
copper content for UiO-66-(COOCu)2 and UiO-66-ox-Cu, respectively, plotted against 
experimental dynamic ammonia breakthrough capacity under dry and humid conditions. 
Curves for both dry and wet ammonia streams in UiO-66-(COOCu)2 in Figure 23 exhibit 
decreases in ammonia capacity with increasing copper content. From about 40% of the 
theoretical copper loading, no significant change in uptake is observed, suggesting the 
added copper is not accessible for ammonia coordination. This could be consequent of 
the copper becoming impregnated inside the MOF instead of coordinated onto ligand 
carboxyl sites. It may also be due to steric effects between nearby copper carboxylate 
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groups, hindering the formation of ammonia-copper bonds. Capacities under wet 
conditions are higher than those observed in dry breakthrough runs, suggesting 
significant cooperative bonding exists between water and ammonia for this material. 
Another possible mechanism proposes an enhanced solubility of adsorbates due to 
micropore filling of water in humid streams. This has been observed for increased CO2 
adsorption on MOFs in humid streams
62
, and is a plausible explanation for increased 
ammonia adsorption in wet streams. 
 
Figure 23. Copper loading UiO-66-(COOCu)2 versus ammonia breakthrough capacity. 




 Ammonia uptake behavior for UiO-66-ox-Cu at increasing copper loadings in 
Figure 24 differs markedly from what was observed for UiO-66-(COOCu)2 Under humid 
conditions, there is no conclusive change in dynamic capacity with varied Cu mass 
fractions. Steric hindrance from a higher fraction of copper species in the pore space is 
hypothesized to prevent the cooperative binding effects between water and ammonia, 
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similarly to what was seen for higher loadings in UiO-66-(COOCu)2. In particular, the 
highest copper loading measured for UiO-66-ox-Cu exceeded the theoretical maximum, 
as previously explained in Section 3.2, so it is likely that a significant amount of copper is 
impregnated in the pore space, which would exacerbate steric hindrance of ammonia and 
water guest species. Differences in the location of copper carboxylate functionalities 
between UiO-66-ox-Cu and UiO-66-(COOCu)2 may suggest that adding these functional 
groups to linker sites, as in UiO-66-(COOCu)2, creates more accessible binding 
environment for secondary binding of ammonia and water, which is illustrated in Figure 
25.
18
 Although the visual pertains to the MOF HKUST-1, the cooperative interactions 
between ammonia and water following primary binding of ammonia to copper, which is 
more energetically favorable than water-copper bonding
27
, are believed to exist in the 
UiO-66 system as well. Dry ammonia breakthrough experiments show a gradual increase 
in uptake capacity, where the highest loading possesses a capacity of 5.10 mmol NH3 g
-1
 
adsorbent.  The increasing trend in ammonia uptake suggests maximizing copper loading 
increases dry ammonia capacity, and breakthrough experiments at higher copper loadings 
should be conducted to ascertain the maximum possible dynamic breakthrough capacity 




Figure 24. Copper loading in UiO-66-ox-Cu versus ammonia breakthrough capacity. 
Wet runs conducted at 80% RH. 
 
Figure 25. Secondary, cooperative binding schemes of water and ammonia on active 








CONCLUSIONS AND RECOMMENDATIONS  
 
4.1 Conclusions 
A post-synthetic modification procedure on a missing linker version of UiO-66 
was used to enhance ammonia capture capabilities of the material via coordination of 
copper (II) to carboxyl functionalities. UiO-66-vac and UiO-66-ox were synthesized, 
based on previous literature, as precursor MOFs with carboxylic acid functionalities 
located within missing linker defect sites. A new MOF, UiO-66-ox-Cu, was created by 
incorporating copper to the carboxylic acid groups inside UiO-66-ox through a second 
post synthetic modification step to theoretically yield –COOCu functionalities, which 
have been shown experimentally and computationally to improve adsorbent affinity for 
ammonia.
27,28
 Water vapor adsorption experiments showed UiO-66-ox-Cu retains 
structural integrity and hydrophobicity after metal insertion, unlike copper carboxylate 
MOFs UiO-66-COOCu and UiO-66-(COOCu)2
28
, suggesting enhanced ammonia 
selectivity in humid streams.
50
 Large surface area loss in the material suggests there may 
be partial degradation of UiO-66-ox-Cu in humid streams, however the project scope of 
designing one-use CBRN filters means the material could still be a feasible sorbent. 
Ammonia uptake performances under dry and humid conditions were attained for 
UiO-66-ox-Cu and Cu @ UiO-66. UiO-66-ox-Cu possessed improved ammonia uptake 
performance from its parent MOF precursors under dry and humid conditions, whereas 
Cu @ UiO-66 exhibited minimal increase in dry conditions, and a loss in ammonia 
uptake capacity under humid conditions. This was attributed to the greater presence of –
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COOCu groups in UiO-66-ox-Cu, which possess a high binding energy with ammonia
27
, 
and a greater accessible surface area than Cu @ UiO-66, as suggested by N2 
physisorption experiments at 77 K. Instability of UiO-66-ox-Cu following humid 
ammonia exposure is observed by BET surface area analysis and PXRD measurements, 
which is attributed to clustering of water and ammonia at intraframework copper binding 
sites, destabilizing zirconium-terephthalate bonds due to their close hypothesized 
proximity to functionalized –COOCu groups. These observations suggest the presence of 
bulky copper carboxylate groups near the MOF metal center through functionalization on 
missing linker defect sites lends to the degradation of the material. Furthermore, 
structural loss only occurs in mixed water and ammonia exposure, indicating cooperative 
interactions between the adsorbates leading to the degradation of the material. 
Kinetic effects of copper loading were studied by varying loading times on MOFs 
with linker and defect carboxylic acid binding functionalities in UiO-66-(COOCu)2 and 
UiO-66-ox-Cu, respectively. Decreases in metal loading with increased loading time for 
UiO-66-(COOCu)2 were attributed to metal leaching via increased solvent acidity, 
coupled with  bond destabilization at higher loadings due to steric hindrance. No direct 
correlation for metal loading with time could be extrapolated for UiO-66-ox-Cu, although 
the theoretical loading was exceeded for one trial, suggesting copper impregnation may 
be occurring. Ammonia breakthrough experiments on UiO-66-(COOCu)2 at various 
copper loadings show an inverse relation between ammonia capacity and metal content 
under both dry and wet conditions, attributed to steric effects blocking ammonia 
adsorption to the material. Analogous tests on UiO-66-ox-Cu indicate dry capacities 
increase almost linearly with copper loading, while wet loadings did not change 
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significantly due to adsorbent degradation in humid ammonia. Disparate loading and 
ammonia capture behavior between the two materials show the importance of copper 
carboxylate locations in MOFs for ammonia adsorption, and provide insight into 
engineering these functional groups onto similar materials for TIC removal. 
Sample nanoporous materials are contrasted with the MOFs investigated here in 
Table 5 for their ammonia capacities, along with relative stabilities in humid conditions, 
to provide insight for current adsorption performances for materials on the vanguard of 
ammonia capture. 
Table 5. Reported experimental dynamic ammonia capacities and water stability 
information for select adsorbents. 
MOF 
NH3 Dynamic Capacity (mmol g
-1
) 
Stability in Humid 
NH3 (Y/N) Dry (0% RH) Wet (80% RH) 
BPL Carbon
63








 7.6 1.7 N 
HKUST-1
65
 6.6 8.9 N 
UiO-66-NH2
41
 3.3 2.9 Y 
Cu @ UiO-66 2.25 1.15 Y 
UiO-66-ox-Cu 4.31 4.02 N 
UiO-66-(COOCu)2
28
 6.38 6.84 Y 
a 
Breakthrough measurements taken between 0 kPa and 75 kPa  
 Results from this study give perspective onto the effects of engineering locations 
for copper carboxylate functionalities onto UiO-66 for ammonia adsorption. Linker 
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functionalized –COOCu groups on UiO-66-(COOCu)2 appear to produce the highest 
potential for air purification applications on UiO-66 type materials. Furthermore, 
breakthrough experiments contrasting Cu @ UiO-66 and UiO-66-ox-Cu showed carboxyl 
functionalities to be necessary precursors for copper coordination to provide favorable 
ammonia uptake. Finally, variances in loading and ammonia capture behavior between 
UiO-66-(COOCu)2 and UiO-66-ox-Cu through metal loading and subsequent ammonia 
breakthrough experiments show the impact of copper carboxylate locations and loadings 
for each system in ammonia adsorption, and provide insight for any future engineering of 
these functional groups onto sorbent materials for TIC removal. 
 
4.2 Recommendations for Future Work 
4.2.1 Elucidation of Copper Coordination Environment 
 The coordination environment of copper for all MOFs in this study was not 
ascertained. Understanding the coordination nature of copper in MOFs with high 
ammonia uptake performance would potentially help enable the engineering of 
specialized copper functionalities on future adsorbent for ammonia. Electron 
paramagnetic resonance (EPR)
66
 was employed to probe the coordination nature of Cu in 
UiO-66-COOCu and UiO-66-(COOCu)2, however definitive results on the bonding 
environment could not be attained. The extended X-ray adsorption fine structure (EXAFS) 
technique
67
 has been used previously to find metal coordination nature in MOFs
13
, and is 
a promising method for further characterizing the MOFs subjected to metal insertion in 
this work. Crystal structure refinement of the ordered structures using experimental X-ray 
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diffraction patterns of the MOFs could also be utilized to solve for atomic copper 
locations within the unit cell of the respective materials.
68
 Some refinement work in 
solving these structures has already been accomplished, but higher resolution PXRD 
measurements are required for accurate fittings, and so this work is not presented here. 
DFT calculations have also been used to approximate metal locations in metal locations, 
such as transmetallation phenomena in MOF-5.
69
 
4.2.2 Optimization of Copper Loading  
 Metal insertion conditions on UiO-66-ox-Cu were restricted to those used for 
UiO-66-COOCu and UiO-66-(COOCu)2 to allow for comparison material properties 
throughout this study. However, the metal insertion procedure was temperature restricted 
due to the low thermal stabilities of the MOFs investigated by Garcia-Gutierrez, where it 
was found that increasing temperature increased copper loading.
28
 Furthermore, 
concentration effects have not been investigated. The higher thermal stability of UiO-66-
ox-Cu allows for further study on copper coordination conditions, where more extensive 
studies could be undertaken to optimize the copper loading on UiO-66-ox-Cu, and then 
investigate ammonia uptake performance. Furthermore, longer metal loading times could 
be used to expand on the kinetic studies performed on UiO-66-ox-Cu and UiO-66-
(COOCu)2 and optimize the metal loading on both materials. 
4.2.3 Characterization and Control of Defects in UiO-66-vac/UiO-66-ox 
 The number of missing linker defects, though reproducible from gravimetric 
analyses, was not controlled for the synthesis of UiO-66-vac and UiO-66-ox. Rietveld or 
Pawley refinement of experimental X-ray diffraction data can potentially be used to solve 
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for the unit cell of the defective MOFs and provide greater insight into the textural 
properties of the materials, as well as further support carboxylic acid functionalization in 
UiO-66-ox. Control strategies via synthesis modulation can be used to control missing 
linker defects and subsequently carboxyl incorporation in UiO-66-ox to improve loading 
of functional groups used for ammonia capture. 
4.2.4 Uptake Performance of Regenerated Materials Following TIC Exposure 
 The main purpose of the proposed material is to become incorporated into single-
pass CBRN filters. However, reuse of adsorption media after TIC exposure is of 
pragmatic interest, as it would be more cost effective to use a material that can be 
regenerated after use, and retain high vapor uptake capacities for toxic gases for other air 
purification applications. Precedent for this testing exists in the literature, where certain 
Al based MOFs have shown such capabilities
70
, and MIL-68 was reported to have been 
regenerated five times without significant loss in capacity for hydrogen sulfide 
adsorption
15
. The strategy commonly employed for these sorbents is to allow for 
regeneration through application of heat and vacuum.
4
 Using these techniques, the 
regenerative properties for ammonia adsorption after multiple exposures can be 
ascertained for the MOFs investigated here to gauge their applicability for ammonia 




WET AMMONIA BREAKTHROUGH EXPERIMENTS on UiO-66-ox 
 Humid NH3 breakthrough experiments were conducted on UiO-66-ox to 
determine uptake increases for UiO-66-ox-Cu following metal insertion. UiO-66-ox 
samples were activated in situ at 150°C for 2 h under N2 flow, and then allowed to cool 
before ammonia exposure. Humid breakthrough procedures are detailed in Section 2.3.  
 The breakthrough curve for humid ammonia uptake in UiO-66-ox is provided in 
Figure 26. An uptake of 2.30 mmol g
-1
 was calculated for this experiment, which is 
slightly less than the experimentally determined 2.5 mmol g
-1
 under dry NH3 reported 
previously
33
. Slight decreases in uptake under humid streams have been reported for the 
similar UiO-66-COOH
28
 and other UiO-66 systems
42
, and this is attributed to competitive 
adsorption between water and ammonia species for adsorption sites. The shallow 
desorption curve indicates mass transfer resistance during nitrogen purging, which was 
similarly observed to be more prevalent under humid than dry conditions for materials 
tested in this work. BET surface area measurements should be conducted on the material 





















B.1 WATER VAPOR SORPTION DATA 
Table 6. Water vapor adsorption data for UiO-66-vac 
Adsorption Desorption 
RH (%) Loading (mmol g
-1












30.36 15.14 40.19 
27.50 
40.19 24.85 20.53 
6.43 














Table 7. Water Vapor Adsorption Data for UiO-66-ox 
Adsorption Desorption 
RH (%) Loading (mmol g
-1
) RH (%) Loading (mmol g
-1
) 
0 0 89.34 
15.48 
10.68 0.13 79.49 
15.14 
20.52 3.69 59.85 
13.97 
30.36 5.18 40.20 
8.01 
40.18 6.42 20.54 
5.74 
50.02 8.20 0 
2.95 
59.85 10.84  
 
69.69 13.60  
 
79.51 14.68  
 











Table 8. Water Vapor Adsorption Data for UiO-66-ox-Cu 
Adsorption Desorption 
RH (%) Loading (mmol g
-1
) RH (%) Loading (mmol g
-1
) 
0 0 89.34 
20.37 
10.69 2.02 79.49 
20.06 
20.53 3.59 59.85 
18.42 
30.36 5.13 40.19 
9.65 
40.19 6.51 20.54 
5.11 
50.02 11.21 0 
2.99 

















Table 9. Water vapor adsorption data for UiO-66-COOH 
Adsorption Desorption 
RH (%) Loading (mmol g
-1
) RH (%) Loading (mmol g
-1
) 
0 0 89.33 9.74 
10.69 0 79.49 9.57 
20.53 0 59.85 8.03 
30.36 0.77 40.20 3.88 
40.19 2.50 20.53 0.93 
50.02 3.98 0 0.32 
59.85 6.14 -- -- 
69.69 7.54 -- -- 
79.49 9.45 -- -- 








Table 10. Water vapor adsorption data for UiO-66-(COOH)2 
Adsorption Desorption 
RH (%) Loading (mmol g
-1
) RH (%) Loading (mmol g
-1
) 
0 0 89.34 6.64 
10.70 0.01 79.50 6.70 
20.53 0.11 59.85 5.38 
30.36 2.38 40.19 3.80 
40.19 3.54 20.54 0.98 
50.03 4.22 0 0.44 
59.86 4.98 -- -- 
69.67 5.88 -- -- 
79.49 6.65 -- -- 










B.2 Ammonia Breakthrough Data 














0 0 2458.45 673 
1603.33 10 2498.53 643 
1616.70 16 2538.61 610 
1656.78 37 2578.70 571 
1696.86 61 2618.78 530 
1736.95 86 2658.86 491 
1777.03 117 2698.95 452 
1817.11 147 2739.03 417 
1857.20 175 2779.11 385 
1897.28 206 2819.20 356 
1937.36 234 2859.28 329 
1977.45 262 2899.36 304 
2017.53 292 2939.45 283 
2057.61 322 2979.53 265 
2097.70 351 3019.61 249 
2137.78 383 3059.70 234 
2177.86 412 3099.78 221 
2217.95 443 3139.86 210 
2258.03 476 3179.95 198 
2298.11 510 3220.03 188 
2338.20 599 3260.11 177 
2378.28 665 3300.20 166 
2418.36 684 3340.28 156 
  3380.36 146 
  3420.45 136 
  3460.53 127 
  3500.61 118 
  3540.70 110 
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  3580.78 103 
  3620.86 96 
  3660.95 93 
  3701.03 90 
  3741.11 87 
  3781.20 84 
  3821.28 81 
  3861.36 77 
  3901.45 74 
  3941.53 72 
  3981.62 70 
  4021.70 68 
  4061.78 66 
  4101.87 64 
  4141.95 61 
  4182.03 59 
  4222.12 57 
  4262.20 55 
  4302.28 53 
  4342.37 51 
  4382.45 49 
  4422.53 47 
  4462.62 45 
  4502.70 43 
  4542.78 41 
  4582.87 39 
  4622.95 37 
  4663.03 35 
  4703.12 33 
  4743.20 31 
  4783.28 29 
  4823.37 27 
  4863.45 25 
  4903.53 24 
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  4943.62 23 
  4983.70 22 
  5023.78 21 
  5063.87 20 
  5103.95 19 
  5144.03 18 
  5184.12 17 
  5224.20 16 
  5264.28 15 
  5304.37 14 
  5344.45 13 
  5384.53 12 
 
 














67.89 0 549.30 659 
160.47 0 558.56 600 
253.05 0 567.82 549 
283.91 0 577.08 502 
447.46 21 586.33 461 
456.72 70 595.59 424 
465.98 132 604.85 390 
475.24 200 614.11 360 
484.50 269 623.36 332 
493.75 337 632.62 307 
503.01 407 641.88 284 
512.27 479 651.14 264 
521.53 567 660.40 245 
530.79 703 669.65 227 
540.04 711 678.91 213 
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  688.17 199 
  697.43 186 
  706.69 174 
  715.94 164 
  725.20 154 
  734.46 144 
  743.72 136 
  752.97 128 
  762.23 121 
  771.49 115 
  780.75 109 
  790.01 103 
  799.26 98 
  808.52 93 
  817.78 88 
  827.04 84 
  836.30 80 
  845.55 76 
  854.81 72 
  864.07 68 
  873.33 64 
  882.59 60 
  891.84 57 
  901.10 54 
  910.36 51 
  919.62 48 
  928.87 45 
  938.13 42 
  947.39 39 
  956.65 36 
  965.91 34 
  975.16 32 
  984.42 30 
  993.68 28 
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  1002.94 26 
  1012.20 24 
  1021.45 22 
  1030.71 20 
 














194.00 0 2072.31 628 
458.55 0 2098.77 623 
1679.72 11 2125.22 611 
1701.94 30 2151.68 582 
1728.40 58 2178.13 550 
1754.85 92 2204.59 516 
1781.31 132 2231.04 484 
1807.76 180 2257.50 455 
1834.22 224 2283.95 426 
1860.67 274 2310.41 399 
1887.13 326 2336.86 374 
1913.58 377 2363.32 351 
1940.04 427 2389.77 329 
1966.49 475 2416.23 308 
1992.95 520 2442.68 287 
2019.40 622 2469.14 269 
2045.86 639 2495.59 251 
  2522.05 234 
  2548.50 219 
  2574.96 206 
  2601.41 193 
  2627.87 182 
  2654.32 171 
  2680.78 161 
66 
 
  2707.23 152 
  2733.69 144 
  2760.14 136 
  2786.60 129 
  2813.05 122 
  2839.51 116 
  2865.96 111 
  2892.42 105 
  2918.87 100 
  2945.33 95 
  2971.78 90 
  2998.24 85 
  3024.69 81 
  3051.15 76 
  3077.60 71 
  3104.06 67 
  3130.51 62 
  3156.97 58 
  3183.42 54 
  3209.88 51 
  3236.33 47 
  3262.79 42 
  3289.24 38 
  3315.70 35 
  3342.15 32 
 
 














0 0 1229.41 638 
824.52 10 1240.46 627 
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831.88 17 1251.50 608 
842.92 29 1262.54 584 
853.96 42 1273.59 556 
865.01 58 1284.63 526 
876.05 75 1295.67 496 
887.09 94 1306.71 467 
898.14 113 1317.76 441 
909.18 132 1328.80 418 
920.22 151 1339.84 398 
931.26 169 1350.88 379 
942.31 187 1361.93 363 
953.35 205 1372.97 346 
964.39 221 1384.01 324 
975.43 238 1395.05 301 
986.48 255 1406.10 280 
997.52 273 1417.14 263 
1008.56 290 1428.18 247 
1019.60 309 1439.22 234 
1030.65 327 1450.27 222 
1041.69 345 1461.31 213 
1052.73 362 1472.35 204 
1063.77 381 1483.40 196 
1074.82 397 1494.44 188 
1085.86 412 1505.48 179 
1096.90 427 1516.52 172 
1107.95 439 1527.57 163 
1118.99 451 1538.61 155 
1130.03 462 1549.65 147 
1141.07 473 1560.69 141 
1152.12 482 1571.74 134 
1163.16 491 1582.78 127 
1174.20 500 1593.82 121 
1185.24 530 1604.86 115 
1196.29 574 1615.91 111 
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1207.33 630 1626.95 107 
1218.37 640 1637.99 103 
  1649.04 100 
  1660.08 96 
  1671.12 91 
 
 














271.60 0 3530.86 607 
641.98 0 3567.90 584 
1012.35 0 3604.94 559 
1135.80 0 3641.98 537 
2370.37 0 3679.01 522 
2880.25 10 3716.05 504 
2901.23 18 3753.09 475 
2938.27 33 3790.12 443 
2975.31 52 3827.16 410 
3012.35 77 3864.20 377 
3049.38 108 3901.23 348 
3086.42 141 3938.27 321 
3123.46 178 3975.31 295 
3160.49 218 4012.35 272 
3197.53 259 4049.38 252 
3234.57 302 4086.42 233 
3271.60 343 4123.46 216 
3308.64 385 4160.49 201 
3345.68 424 4197.53 186 
3382.72 464 4234.57 173 
3419.75 499 4271.60 162 
3456.79 551 4308.64 151 
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3493.83 620 4345.68 141 
  4382.72 132 
  4419.75 123 
  4456.79 115 
  4493.83 108 
  4530.86 101 
  4567.90 95 
  4604.94 80 
  4641.98 70 
  4679.01 65 
  4716.05 60 
  4753.09 54 
  4790.12 49 
  4827.16 42 
  4864.20 40 
  4901.23 37 
  4938.27 34 
  4975.31 30 
  5012.35 28 
  5049.38 27 
  5086.42 25 
  5123.46 23 
  5160.49 21 
  5197.53 20 
  5234.57 18 
  5271.60 16 
  5308.64 15 
  5345.68 14 
  5382.72 13 
  5419.75 11 
  5456.79 8 
  5493.83 6 
  5530.86 6 
  5567.90 5 
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  5604.94 4 
  5641.98 3 
  5679.01 2 
  5716.05 1 
  5753.09 1 
  5790.12 1 
  5827.16 1 
  5864.20 0 
 
 














279.90 0 2684.48 544 
661.58 0 2722.65 499 
1043.26 0 2760.81 461 
1424.94 0 2798.98 428 
1806.62 0 2837.15 396 
2059.80 12 2875.32 366 
2073.79 18 2913.49 338 
2111.96 36 2951.65 312 
2150.13 59 2989.82 287 
2188.30 84 3027.99 264 
2226.46 113 3066.16 243 
2264.63 143 3104.33 225 
2302.80 177 3142.49 208 
2340.97 214 3180.66 193 
2379.13 252 3218.83 179 
2417.30 291 3257.00 165 
2455.47 329 3295.17 154 
2493.64 368 3333.33 144 
2531.81 407 3371.50 135 
71 
 
2569.97 444 3409.67 126 
2608.14 508 3447.84 119 
2646.31 574 3486.01 112 
  3524.17 107 
  3562.34 101 
  3600.51 96 
  3638.68 91 
  3676.84 87 
  3715.01 82 
  3753.18 79 
  3791.35 75 
  3829.52 72 
  3867.68 68 
  3905.85 65 
  3944.02 62 
  3982.19 59 
  4020.36 56 
  4058.52 54 
  4096.69 51 
  4134.86 49 
  4173.03 47 
  4211.20 45 
  4249.36 43 
  4287.53 41 
  4325.70 40 
 
 














333.33 0 3787.88 501 
787.88 0 3833.33 471 
72 
 
1242.42 0 3878.79 440 
1696.97 0 3924.24 413 
2151.52 0 3969.70 391 
2909.09 0 4015.15 378 
3045.15 10 4060.61 360 
3060.61 16 4106.06 327 
3106.06 31 4151.52 295 
3151.52 50 4196.97 265 
3196.97 72 4242.42 241 
3242.42 96 4287.88 219 
3287.88 122 4333.33 200 
3333.33 152 4378.79 183 
3378.79 184 4424.24 169 
3424.24 219 4469.70 153 
3469.70 253 4515.15 142 
3515.15 289 4560.61 130 
3560.61 324 4606.06 119 
3606.06 358 4651.52 109 
3651.52 390 4696.97 100 
3696.97 448 4742.42 91 
3742.42 515 4787.88 83 
  4833.33 78 
  4878.79 72 
  4924.24 66 
  4969.70 63 
  5015.15 57 
  5060.61 55 
  5106.06 51 
  5151.52 48 
  5196.97 45 
  5242.42 42 
  5287.88 40 
  5333.33 34 
  5378.79 32 
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  5424.24 27 
  5469.70 23 
  5515.15 16 
  5560.61 15 
  5606.06 15 
 
 














338.41 0 2673.43 643 
846.02 0 2724.20 603 
1353.64 0 2774.96 558 
1522.84 0 2825.72 512 
1817.29 12 2876.48 469 
1861.25 27 2927.24 428 
1912.01 51 2978.00 389 
1962.77 79 3028.76 353 
2013.54 108 3079.53 322 
2064.30 139 3130.29 293 
2115.06 172 3181.05 267 
2165.82 206 3231.81 243 
2216.58 242 3282.57 222 
2267.34 280 3333.33 204 
2318.10 321 3384.09 187 
2368.87 363 3434.86 172 
2419.63 408 3485.62 159 
2470.39 453 3536.38 147 
2521.15 528 3587.14 137 
2571.91 631 3637.90 127 
2622.67 662 3688.66 119 
  3739.42 111 
74 
 
  3790.19 105 
  3840.95 98 
  3891.71 92 
  3942.47 86 
  3993.23 81 
  4043.99 75 
  4094.75 71 
  4145.52 67 
  4196.28 63 
  4247.04 59 
  4297.80 55 
  4348.56 52 
  4399.32 50 
 
 














261.90 0 3226.19 585 
619.05 0 3261.90 550 
976.19 0 3297.62 520 
1095.24 0 3333.33 496 
1333.33 0 3369.05 476 
1690.48 0 3404.76 461 
2285.71 0 3440.48 448 
2797.62 14 3476.19 429 
2833.33 49 3511.90 402 
2869.05 93 3547.62 374 
2904.76 139 3583.33 347 
2940.48 188 3619.05 324 
2976.19 239 3654.76 302 
3011.90 292 3690.48 282 
75 
 
3047.62 346 3726.19 264 
3083.33 397 3761.90 248 
3119.05 447 3797.62 234 
3154.76 525 3833.33 221 
3190.48 611 3869.05 209 
  3904.76 197 
  3940.48 187 
  3976.19 177 
  4011.90 168 
  4047.62 159 
  4083.33 150 
  4119.05 141 
  4154.76 131 
  4190.48 123 
  4226.19 114 
  4261.90 105 
  4297.62 98 
  4333.33 91 
  4369.05 84 
  4404.76 78 
  4440.48 73 
  4476.19 69 
  4511.90 64 
  4547.62 60 
  4583.33 57 
  4619.05 53 
  4654.76 51 
  4690.48 47 
  4726.19 45 
  4761.90 42 
  4797.62 40 
  4833.33 34 
  4869.05 30 
  4904.76 26 
76 
 
  4940.48 22 
  4976.19 19 
  5011.90 17 
  5047.62 15 
  5083.33 13 
  5119.05 12 
  5154.76 12 
  5190.48 0 
 
 














251.95 0 2292.77 583 
629.88 0 2330.56 526 
1007.81 0 2368.35 475 
1385.74 0 2406.15 430 
1763.67 0 2443.94 389 
1855.63 12 2481.73 353 
1877.05 23 2519.53 321 
1914.84 49 2557.32 291 
1952.63 86 2595.11 266 
1990.43 131 2632.91 243 
2028.22 182 2670.70 223 
2066.01 238 2708.49 205 
2103.80 300 2746.28 189 
2141.60 363 2784.08 176 
2179.39 428 2821.87 164 
2217.18 534 2859.66 153 
2254.98 620 2897.46 143 
  2935.25 134 
  2973.04 126 
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  3010.83 119 
  3048.63 112 
  3086.42 105 
  3124.21 99 
  3162.01 94 
  3199.80 89 
  3237.59 84 
  3275.38 79 
  3313.18 75 
  3350.97 71 
  3388.76 67 
  3426.56 64 
  3464.35 60 
  3502.14 58 
  3539.93 56 
  3577.73 53 
  3615.52 51 
  3653.31 50 
  3691.11 49 
  3728.90 46 
  3766.69 44 
 
 














291.01 0 4298.94 483 
687.83 0 4338.62 465 
1084.66 0 4378.31 451 
1481.48 0 4417.99 443 
1878.31 0 4457.67 430 
2539.68 0 4497.35 403 
78 
 
3035.69 11 4537.04 368 
3068.78 15 4576.72 330 
3108.47 20 4616.40 301 
3148.15 27 4656.08 274 
3187.83 34 4695.77 248 
3227.51 41 4735.45 227 
3267.20 49 4775.13 208 
3306.88 59 4814.81 191 
3346.56 69 4854.50 161 
3386.24 78 4894.18 146 
3425.93 90 4933.86 134 
3465.61 102 4973.54 122 
3505.29 114 5013.23 112 
3544.97 127 5052.91 102 
3584.66 140 5092.59 94 
3624.34 153 5132.28 87 
3664.02 167 5171.96 80 
3703.70 182 5211.64 74 
3743.39 197 5251.32 69 
3783.07 213 5291.01 64 
3822.75 230 5330.69 60 
3862.43 252 5370.37 57 
3902.12 274 5410.05 54 
3941.80 289 5449.74 50 
3981.48 310 5489.42 47 
4021.16 332 5529.10 42 
4060.85 354 5568.78 40 
4100.53 376 5608.47 34 
4140.21 397 5648.15 30 
4179.89 425 5687.83 26 
4219.58 496 5727.51 22 
4259.26 498 5767.20 19 
  5806.88 17 
  5846.56 15 
79 
 
  5886.24 13 
  5925.93 12 
  5965.61 12 
  6005.29 0 
 














281.29 0 4331.93 588 
703.23 0 4374.12 562 
1125.18 0 4416.32 540 
1265.82 0 4458.51 519 
2672.29 0 4500.70 498 
3729.99 11 4542.90 478 
3741.21 16 4585.09 456 
3783.40 35 4627.29 429 
3825.60 60 4669.48 398 
3867.79 90 4711.67 368 
3909.99 130 4753.87 341 
3952.18 165 4796.06 315 
3994.37 208 4838.26 293 
4036.57 252 4880.45 272 
4078.76 298 4922.64 254 
4120.96 344 4964.84 239 
4163.15 388 5007.03 223 
4205.34 431 5049.23 211 
4247.54 480 5091.42 199 
4289.73 592 5133.61 186 
  5175.81 174 
  5218.00 162 
  5260.20 150 
  5302.39 140 
80 
 
  5344.59 130 
  5386.78 121 
  5428.97 112 
  5471.17 104 
  5513.36 97 
  5555.56 90 
  5597.75 84 
  5639.94 79 
  5682.14 74 
  5724.33 70 
  5766.53 66 
  5808.72 63 
  5850.91 59 
  5893.11 56 
  5935.30 53 
  5977.50 50 
 
 














273.63 0 2810.95 522 
646.77 0 2848.26 491 
1019.90 0 2885.57 462 
1144.28 0 2922.89 441 
1766.17 0 2960.20 424 
2258.71 11 2997.51 397 
2288.56 27 3034.83 367 
2325.87 48 3072.14 338 
2363.18 77 3109.45 313 
2400.50 107 3146.77 289 
2437.81 141 3184.08 268 
81 
 
2475.12 178 3221.39 248 
2512.44 216 3258.71 229 
2549.75 256 3296.02 212 
2587.06 297 3333.33 195 
2624.38 337 3370.65 179 
2661.69 376 3407.96 165 
2699.00 414 3445.27 153 
2736.32 460 3482.59 142 
2773.63 547 3519.90 132 
  3557.21 122 
  3594.53 113 
  3631.84 104 
  3669.15 97 
  3706.47 90 
  3743.78 83 
  3781.09 77 
  3818.41 72 
  3855.72 67 
  3893.03 63 
  3930.35 58 
  3967.66 54 
  4004.98 51 
  4042.29 49 
  4079.60 45 
  4116.92 42 
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